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Abstract 


Infectious bronchitis coronavirus (IBV) is the cause of the single most economically costly infectious disease of domestic fowl in the 
UK—and probably so in many countries that have a developed poultry industry. A major reason for its continued dominance is its existence 
as many serotypes, determined by the surface spike protein (S), cross-protection being poor. Although controlled to some degree by live and 
inactivated vaccines, a new generation of IB vaccines is called for. Reverse genetic or ‘infectious clone’ systems, which allow the manipulation 
of the IBV genome, are key to this development. New vaccines would ideally be: genetically stable (i.e. maintain a stable attenuated phenotype); 
administered in ovo; and be flexible with respect to the source of the spike protein gene. Rational attenuation of IBV requires the identification 
of genes that are simultaneously not essential for replication and whose absence would reduce pathogenicity. Being able to modify a ‘core’ 
vaccine strain to make it applicable to a prevailing serotype requires a procedure for doing so, and the demonstration that ‘spike-swapping’ 
is sufficient to induce good immunity. 

We have demonstrated that four small IBV proteins, encoded by genes 3 and 5, are not essential for replication; failure to produce these 
proteins had little detrimental affect on the titre of virus produced. Our current molecularly cloned IBV, strain Beaudette, is non-pathogenic, 
so we do not know what effect the absence of these proteins would have on pathogenicity. That said, plaque size and composition of various 
gene 3/5 recombinant IBVs in cell culture, and reduced output and ciliostasis in tracheal organ cultures, shows that they are less aggressive 
than the wild-type Beaudette. Consequently these genes remain targets for rational attenuation. We have recently obtained evidence that one 
or more of the 15 proteins encoded by gene | are also determinants of pathogenicity. Hence gene | is also a target for rational attenuation. 

Replacing the S protein gene of Beaudette with that from the pathogenic M41 strain resulted in a recombinant virus that was still non- 
pathogenic but which did induce protection against challenge with M41. We have since made other “spike-swapped’ recombinants, including 
ones with chimaera S genes. Uniquely, our molecular clone of Beaudette is benign when administered to 18-day-old embryos, even at high 
doses, and induces immunity after this route of vaccination. 

Taken together, our results point to the creation of a new generation of IB vaccines, based on rational modification of the genome, as being 
a realisable objective. 
© 2007 Elsevier Ltd. All rights reserved. 
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1. Introduction 


Infectious bronchitis virus (IBV) is the single most eco- 
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control is suboptimal due to a number of factors, includ- 
ing inefficient application of vaccine and extensive antigenic 
variation [3]; serotypes induce poor cross-protection [4—6]. 
The poultry industry is moving towards in ovo vaccination 
where possible. This has been achieved for Marek’s dis- 
ease. To date all IB vaccines have severely reduced hatching. 
We have two strategic goals. One, to modify the genome 
of our molecularly cloned cDNA of the Beaudette strain 
of IBV (non-pathogenic) to achieve optimum stimulation 
of protection whilst retaining its non-pathogenic phenotype 
in both chicks and 10-day-old embryos. Two, to swap the 
gene of the spike protein (S), which induces protective 
immunity, to make a vaccine appropriate for a prevailing 
serotype. 

Our first goal requires the identification of genes that 
can be modified without having a negative impact on 
replication—which would increase vaccine production costs. 
Coronaviruses have one or more (IBV has two, numbers 3 and 
5) genes, interspersed amongst the structural protein genes, 
encoding proteins (four in the case of IBV) of unknown 
function (Fig. 1). Using our reverse genetic system [7] we 
have made recombinant IBVs (rIBVs) of the non-pathogenic 
Strain Beaudette, that are unable to make one or more of these 
proteins [8,9]. Most recently we have made a chimaera, com- 
prising gene | from non-pathogenic Beaudette and all other 
genes from pathogenic strain M41. 

Inactivated IB vaccines are ineffective unless preceded 
by live attenuated vaccines to prime the protective immune 
response. The S protein comprises two subunits: S1 (~520 
amino acids), derived from the amino-terminal half of the S 
polyprotein, and the membrane anchoring S2 subunit (~625 
amino acids), derived from the carboxy-terminal half. The 
S1 spike protein subunit is necessary and sufficient to induce 
protective immunity [10]. Serotypes commonly differ from 
one another by 20—25% of S1 amino acids [1,2], although dif- 
ferences in as few as 5% of the amino acids in S1 can decrease 
cross-protection [11]. A new generation of IB vaccines 
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will still require that S protein genes of different serotypes 
are available. S gene swapping could result in changes in 
pathogenicity, as has been demonstrated for porcine transmis- 
sible gastroenteritis virus (Enjuanes and colleagues [12,13]). 
Therefore we have investigated this, simultaneously examin- 
ing the protection-inducing capacity of spike-swapped rIB Vs 
[11]. 

Finally, we have demonstrated that our molecularly cloned 
IBV, and derivatives of it, do not have deleterious effects on 
hatching, following inoculation of embryos at 18 days of 
age. 


2. Proteins 3a, 3b, 5a and 5b are not essential for 
replication 


In order to ablate production of the two proteins encoded 
by open reading frames 5a and 5b we used two approaches, 
both of which involved minimal alteration to the genome. The 
AUG translation initiation codes of each ORF were rendered 
inoperable by substitution mutation. We did this for each 
ORF separately, and both together. Growth curves in both 
primary chick kidney cells and in embryonated chicken eggs 
revealed that titres were within two to three-fold that of the 
wild-type virus [8]. The same phenotype was obtained when 
expression of the gene 5 mRNA was eliminated, by mutation 
of the transcription-associated sequence (TAS), thus resulting 
in no production of the 5a and 5b proteins. 

Very similar results were obtained when ORFs 3a and 3b 
of gene 3 were rendered inoperative by mutation of the trans- 
lation start codons [9]. Modification of the gene 3 TAS could 
not be done as this would have resulted in non-production 
of the essential structural protein E, encoded by a third ORF 
within gene 3. 

These results showed that none of 3a, 3b, 5a or 5b were 
essential for replication. For this reason they have been called 
‘accessory proteins’, whose functions may include antag- 
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Fig. 1. Schematic diagram showing the genomic positions of the IBV genes 3 and 5. The top part of the diagram shows the overall genome structure of IBV 
in which the replicase gene represents approximately two thirds of the genome. The lower part of the diagram highlights part of the genome, representing 
the genes downstream of the replicase gene, showing the overlapping nature and position of genes 3 and 5. IBV gene 3 encodes three proteins, 3a and 3b of 
unknown function and E(3c) which is a structural protein and has been shown for other coronaviruses to be involved in virus budding. IBV gene 5 encodes two 


proteins, 5a and 5b, of unknown function. 
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Fig. 2. Early decline in the replication of rIBV Beaudette unable to pro- 
duce protein 3a, encoded by the first open reading frame (ORF) of gene 3. 
Groups of chicken tracheal organ cultures (TOCs) were inoculated in trip- 
licate with 10* PFU of virus. After 1 h at 37°C the inoculum was removed, 
the TOCs washed, and incubation continued. At intervals progeny was 
titrated by plaque assay in chick kidney cells. rIBV unable to produce 
the ORF 3b protein (labelled 3b AUG) replicated very similarly to the 
wild-type virus (Beau-R). Virus unable to produce both 3a and 3b proteins 
initially replicated normally but then the titre declined earlier than the wild- 
type virus. This phenomenon was demonstrated in repeated experiments 
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onism of innate immune responses. Shen et al. [14] and 
Youn et al. [15] have also demonstrated that the IBV pro- 
teins 3b and 5a, respectively, are not required for replication 
in vitro. 

More complex results were obtained during growth curve 
experiments using tracheal organ cultures. (The ciliated 
epithelium of the trachea is one of the major targets of the 
virus.) Recombinant IBVs unable to make 3a, 5a or 5b ini- 
tially replicated to the same titre as wild-type virus, but then 
the titres declined more rapidly (Fig. 2). If it is the case that 
one or more of the accessory proteins are antagonists of innate 
immunity, it may be that the innate immune responses operat- 
ing within the tracheal organ cultures are more effective than 
in chick kidney cells and 10-day-old embryos. 

Taken together our results show that the four proteins in 
question are not essential for replication and hint that they 
have accessory functions, possibly associated with innate 
immunity. IBV and related avian coronaviruses [1] are in 
coronavirus Group 3. The coronaviruses of mammals, which 
occupy Groups | or 2, have genes interspersed amongst the 
structural protein genes, although they have no sequence 
relationship with those of Group 3 coronaviruses [16]. Inacti- 
vation of the production of these proteins had little or no effect 
on the titres of virus produced in cell cultures [17—19] show- 
ing that they, too, were accessory proteins. In some, though 
not all, cases, failure to produce these proteins resulted in 
attenuation of pathogenicity. In the latter cases, production of 
the accessory proteins had been prevented by deletion of the 
ORFs. It is not clear whether the attenuated phenotype arose 
from the absence of the proteins or from the perturbation of 
the genome caused by the deletions. 


3. Gene 1 encodes determinants of pathogenicity 


Coronaviruses express two polyproteins, ppla and pp1b, 
from gene 1, the second polyprotein results from a ribo- 
somal shift mechanism, which encode 16 non-structural 
proteins (nspl—nsp16). The products of the polyproteins are 
associated with RNA replication and transcription [20,21]. 
However, the IBV gene | does not encode a product equiva- 
lent tonsp1, expressed from gene | of the other coronaviruses, 
and therefore IBV gene 1 encodes 15 products, named 
nsp2—nsp 16 to be consistent with the gene | products encoded 
by the other coronaviruses. In order to test the hypothesis that 
one or more of the four structural protein genes and/or acces- 
sory protein genes 3 and 5 of the pathogenic M41 strain were 
determinants of the pathogenicity, we made a rIBV that had 
gene | from Beaudette and all other genes from M41. The 
recombinant was viable but was not pathogenic and caused 
little ciliostasis in tracheal organ cultures (Maria Armesto, 
D. Cavanagh and P. Britton, in preparation). Looked at one 
way, Beaudette had not been made pathogenic by substitution 
of its non-gene | genes with those from pathogenic M41. An 
alternative way of looking at it is to say that the pathogenicity 
of the M41 strain had been attenuated by replacement of its 
gene | by that of Beaudette. Either way, it indicates that one 
or more of the gene 1-encoded proteins are determinants of 
pathogenicity. Our result does not negate the possibility that 
genes 3 and 5 have ‘self-defence’ roles but it does indicate 
that their affect can be overcome by proteins encoded by gene 
1. Hence gene | is another target for rational attenuation for 
vaccine development. 


4. Spike-swapping for serotype-specific vaccines 


When we first replaced the S protein gene of our molec- 
ularly cloned Beaudette strain with that of the M41 strain, 
we did it by rebuilding our full-length cDNA [22]. We have 
since achieved this by a quicker process [23], and have sub- 
sequently replaced the S gene of Beaudette with that from 
two other strains of IBV. 

The rIBV with the S protein of M41 had a phenotype like 
that of M41, i.e. its host range in vitro was restricted, like 
that of M41 in vitro, and unlike Beaudette, which can grow 
in some mammalian cell lines [22]. This demonstrated that 
the S protein is a determinant of host range. 

To establish the principle that spike-swapped rIBVs had 
potential for vaccine development, we inoculated chickens, 
by eye-drop and intranasally, and challenged them 3 weeks 
later using the M41 strain. Using prevention of snicking 
(analogous to sneezing) and retention of tracheal ciliary 
activity as measures of protection, Beaudette did not induce 
protection against M41 whereas the spike-swapped recombi- 
nation did do so [11] (Fig. 3). Firstly, this demonstrated that 
spike-swapped rIBVs were effective at inducing protective 
immunity. Secondly, the result suggested that relatively few 
differences between S proteins could result in poor cross- 
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Table 1 


Embryo vaccination with recombinant IBVs, analysis of hatch, clinical signs, serological responses and protection from virulent challenge 


Virus Hatch rate (%) Mean ciliary activity 
posthatch (%) 

Beau-R 73 71 

BeauR—M41(S) 82 Vd 

CV1 18 5 

Placebo 85 98 


Serological response Protection (based on ciliary activity 


(log2) ELISA postchallenge) 
Day 5 Day 7 
6.30 0 30 
7.05 80 100 
10.5 100 100 
<5.64 0 0 


Fertile SFP eggs were inoculated with either a commercial vaccine (CV 1; 10* EIDso); the molecularly cloned Beaudette strain Beau-R (10° EIDs9); Beau-R 
in which the S protein gene had been replaced by that from the pathogenic M41 strain, to make BeauR—M41(S) (10° EIDs9); ora placebo. Hatch was assessed 
at 21.5 days of incubation. Ciliary activity was assessed in five birds at day 6 posthatch, serological responses by ELISA at 4 weeks posthatch. All birds were 
challenged with virulent M41 at 4 weeks posthatch and the ciliary activity determined at 5 and 7 days postchallenge by microscopic observation of tracheal 


rings. A high percentage of ciliary activity was indicative of protection. 


protection: the S proteins of the Beaudette and M41 strains 
differ by only 5% of S1 and of S2 amino acids. 

We have replaced the S gene of Beaudette with that of 
the UK/4/91 strain (a.k.a. 793/B). IBV strain UK/4/91 grows 
very poorly in CK cells, presumably from lack of adaptation 
to theses cells. Therefore the rIBVs based on Beaudette but 
expressing the UK/4/91 S protein had to be recovered using 
10-day-old embryonated eggs. We have also replaced the 
Beaudette S protein gene with the S protein gene of the Begian 
BE/B1648/87 strain. In this case, recombination between 
the S genes of B1648 (in a plasmid) and Beaudette (within 
the full-length IBV genome cDNA within the vaccinia virus 
genome) was allowed to happen randomly, resulting in recov- 
ery of several rIBVs with different cross-over points within 
the S gene, i.e. producing rIBVs with chimaeric S genes (S. 
Izadkhasti, D. Cavanagh and P. Britton, in preparation). This 
demonstrated that recombination within the S gene can give 
rise to viable recombinant IBVs, at high frequency (~50% in 
our experiments), providing hard evidence to support the cir- 
cumstantial evidence (sequence comparison of field strains) 
that recombination is a feature of the evolution of IBV. 
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Fig. 3. Better induction of protection, against challenge with IBV M41, 
by vaccination with IBV Beaudette R expressing the spike protein of M41 
(BeauR—M41S) than by expression of the Beaudette spike protein (Beau-R) 
[11]. Chicks were vaccinated or not as indicated, and challenged 3 weeks later 
with M41, or not challenged. The trachea was removed from groups of three 
chicks at days 4-6 after challenge. Protection was assessed by observing the 
tracheal rings by low power microscope, and recording the percentage of the 
lumenal surface that exhibited ciliary activity. 


5. Vaccination in ovo 


Embryo vaccination against Marek’s disease is common 
in the USA and South America. Embryo vaccination saves on 
labour charges so can be cost effective for large hatcheries. 
As most strains of IBV are lethal to embryos little work on 
embryo vaccination with IBV has been done. One group has 
shown that in ovo vaccination with IBV can be successfully 
accomplished, although the strain reduced hatch at relatively 
low titres [24]. 

We tested rIBVs based on the Beaudette strain express- 
ing the Beaudette S protein (Beau-R) or the M41 S protein 
(BeauR—M41(S)) for their potential as vaccines for 18-day- 
old embryos. A high dose of virus was inoculated in ovo and 
the pathogenicity was assessed by observing the effect on 
hatch, plus clinical signs and effect on the tracheal ciliary 
activity posthatch. Neither of the two rIBVs strains reduced 
hatchability or caused nasal discharge, and caused minimal 
damage to the ciliated epithelium of the trachea (Table 1). In 
contrast, a commercial vaccine (refereed to as CV1) drasti- 
cally reduced the hatch and caused substantial clinical signs 
(Table 1). The rIBVs induced a serological response and the 
spike-swapped rIBV gave a high level of protection of the 
embryos against virulent M41 challenge (Table 1). These 
results are promising for the development of embryo-safe 
efficacious IBV vaccines for in ovo application [26]. 


6. Final remarks 


Genetic manipulation of coronaviruses of Groups 1-3 
have demonstrated that the small non-structural protein genes 
interspersed amongst the structural protein genes encode 
mostly accessory proteins: not essential for replication, and 
presumably having a function in vivo. Deletion of all the non- 
gene | accessory proteins of murine hepatitis virus (MHV) 
produced virus that replicated in mice but which, unlike the 
wild-type virus, was non-lethal [17]. Deletion of some, but 
not all, of the accessory protein genes of feline coronavirus 
[18] reduced pathogenicity. Removal of accessory protein 
gene 3 of transmissible gastroenteritis coronavirus [19] did 
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not reduce its enteropathogenicity. Thus the accessory pro- 
tein genes of coronaviruses are targets for modification for 
the purpose of vaccine development, although each gene has 
to be investigated in its own right. It is becoming increas- 
ingly likely that one or more proteins encoded by gene | also 
influence pathogenicity. This stems from our own observa- 
tions with chimaeric IBV, and those of Sperry et al. [25] with 
MHY; a single amino acid substitution in nsp14 encoded by 
gene | attenuated pathogenicity for mice. Gene 1, therefore, 
is another target for manipulation. As we have demonstrated, 
the extensive antigenic variation of IBV can be addressed by 
spike-swapping, and our molecularly cloned IBV has poten- 
tial for the development of a vaccine that can be applied in 
OVO. 
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